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yJ Principal Investigator: Jin Au Kong
! y
%
4 ¢\ SEMI-ANNUAL PROGRESS REPORT
o \
X - _
i- l:i This is a report on the progress that has been made in the study of
i: active and passive remote sensing of ice,under the sponsorship of ONR Contract
- ///;;6014 83-K-0258 during the period of August 1, 1983 - January 31, 1984,
. L At Nrt""ya"*)';
N During this period wa—hever (1) derived the backscattering coefficients for a
)
ot
A% two-layer anisotropic random medium; (2) calculated the emissivities from a
-y two-layer anisotropic random medium ; and (3) participated in the microwave
i A
:: sea 1ce measurement program at the Cold Regions Research and Engineering
.. Laboratory, (CRREL).
o /\\
_E A two-layer anisotropic random medium model has been developed to study
ii the active remote sensing of sea and lake ice. The dyadic Green's function
'
for a two-layer anisotropic medium is used in conjunction with the first-order
N Born approximation to calculate the backscattering coefficients. The random
¥ -
t{ permittivity fluctuation is also assumed to be anisotropic and characterized
b ' by the correlation functions which are related to the shape of the fluctuation
R structure., It is shown that strong cross-polarization occurs in the single
!
" scattering process and is indispensable in the interpretation of radar
-
5,

measurements of sea ice at different frequencies, polarization and viewing
angles, The theoretical model is also shown to correspond to the ellipsoidal

discrete scatterer model, which enables us t¢ determine the relationships
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between the cross-correlation and autocorrelation functions. A manuscript has

been prepared for submission to a journal for publication [Appendix].

The emissivity of a two-layer anisotropic random medium has been
calculated using the dyadic Green's function for a two-layer anisotropic
medium and the first-order Born approximation. The emissivity is calculated
by obtaining coherent and incoherent reflectivities and by making use of
the relationship e = 1 - r. The incoherent reflectivity is obtained by

integrating over the upper hemisphere the bistatic scattering coefficients

obtained under the Born approximation. The theoretical results have been used

to interpret the passive microwave remote sensing data from vegetation canopy
which also show strong anisotropic dependencies. A manuscript is being

prepared to document the theory and the theoretical calculations.

We have participated in the winter microwave remote sensing measurements
at CRREL., Several trips were made to the experimental site at CRREL im order
to assist and participate in the experimental efforts. Our involvement in the
experimental efforts has provided us with valuable insights in the development
of theoretical models and data interpretation. We are currently waiting for
the calibrated and reduced data in order to start the interpretation of the

experimental data with our theoretical models.
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L. Tsang and J. A. Kong, "Theory of microwave remote sensing of dense
medium,"” IEEE/GRS Symposium and URSI Meeting, San Francisco, September
1983,

Y. Q. Jin and J. A. Kong, "Wave scattering by a bounded layer of random
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R. T. Shin and J. A. Kong, "Emissivity of a two-layer random medium with
anisotropic correlation function," Technical Report No. EWT-RS-41-8303,
MIT, 1983.
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APPENDIX

ACTIVE MICROWAVE REMOTE SENISNG OF LAYERED

_‘ . ANISOTROPIC RANDOM MEDIUM
SN .
N
0% Jay Kyoon Lee and Jin Au Kong
- Department of Electrical Engineering and
e Computer Science and
'.-_:; Research Laboratory of Electronics
o Massachusctts ‘Institute of Technology
v ~ Cambridge, MA 02139
»a
ot
o Abstract
Ig N
. A two-layer anisotropic random medium model has been developed to study the active
‘F};I' remote sensing of earth terrain. The dyadic Green's function for a two-layer anisotropic
"5. ' medium is developed and used in conjunction with the first order Born approximation
l_‘{‘] to calculate the backscattering coefficients. It is shown that strong cross polarization
' occurs in the single scattering process and is indispensable in the interpretation of radar
:-‘;: measurements of sea ice at different. frequenciecs, polarization, and viewing angles. The
.-5;'.‘: effects of anisotropy on angle responses of backscattreing coeflicients are also illustrated.
o~
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A
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* This work was supported by the ONR Contract N00014-83-K-0258, the NASA Contract
NAGS5-270 and the NSF Grant ECS32-03390.
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I. lnlroduction

In the active microwave remote sensing of carth terrain, the random medium model
has been used o account for the volume scattering cffects of the terrain media such as
snow, ice, and vegetation. The problem of scattering by a half space random medium as
well as a layered medium has been studied in recent years !'-70 . However, these works
assume an isotropic constitutive relation whereas the actual medium may be anisotropic
in nature. An example is the dielectric behavior of sea ice. Due to the development
of brine inclusions inside the ice crystal, it has been found that the dielectric loss of sea
ice is greater when the electric field is parallel to the brine inclusions, as compared to
when the ficld is perpendicular to them #-% | implying an clectrical anisotropy. It has
been also observed that the ¢ -axis of the crystal structure of sea ice has a preferred
azimuthal orientation '9="! | The radar backscattering coefficients for sca ice i'*='8! also
strongly suggests a theoretical model with an anisotropic permittivity tensor.  Besides
these observations. there are many other experimental data which assert the anisotropic

dielectric behavior of sea ice '"='" .| The cross-polarized backscattering coefficients have
been calculated with the Born approximation &2 or the bilocal approximation 3 to

sccond order with the isotropic random medium model in layered structures. However,
the large cross-polarization components as measured in sea ice strongly suggest that the
effect is a first order contribution.

In this paper we study the problem of active remote sensing with a two-layer anisotropic
random medium model. The dyadic Green's function for a two-layer anisotropic medium
is first. obtained and approximated in the far field. The random permittivity fluctuation
is then characterized by three correlation functions: (i) the autocorrelation between
azimuthal fluctuations at two different spatial points, (ii) the autocorrclation between
vertical fluctuations at two points, and (iii) the cross-correlation between azimuthal and
vertical fluctuations at two points. With the information about the shape of the fluctuation
structure known, the third is related to the first two. The first order backscattering
coefficients are calculated with the Born approximation. The results are examined and
interpreted, emphasizing the cffect of anisotropy of the random permittivity on the
backscattering coefficients including cross-polarization, as a function of frequency, incidence
angle, incidence azimuthal angle, and tilted angle of optic axis. The theoretical model
is shown to correspond to the cllipsoidal discrete scattercr model, which also enables us
to determine the relationships between the cross-correlation and autocorrelation functions.
Finally the theoretical results are applied to the interpretation of experimental data obtained
from sca icc measurements,
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2. Formulation of the Problem
Consider an clectromagnetic plane wave with lincarly polarized time-harmonic ficld ’,
Fou(Fot) = Tigge ko 7mut) (2.1) Ni
incident upon a layer of an anisotropic random medium with a permittivity tensor i‘:
R
Q(F) =< Tilr) > +14(7) (2.2)
-8
where < 7,(F) > is the mean partand 7,4(7) represents the randomly fluctuating part [Fig. _1
1). For the statistically homogeneous medium, < 7,(7) > will be a constant independent '}
g

of position. 74(7) is a centered random function of position and its enscmble average,
< Tiy(?) >, is zero. [t is assumed that the amplitude of 7,,(7) is small compared to
< #(F) > . In general, both < @,(7F) > and &,(7) are taken to be uniaxial with the optic
axis tilted off the :z-axis by some angle. For example, in the case of sea ice, the brine
inclusions inside ice crystal are clongated and have preferred dircctions which are tilted
from the vertical axis I'¥' . The optic axcs of < 7,(F) > and &,,(F) are rotated by ¥ and
¥y , respectively, from the z -axis around the r -axis so that they are in the y:z -plane as
shown in Fig. 2.

By the rotaton of coordinate axes, the mean permittivity tensors < &(7) > and
< &4(r) > , before and after tilting, respcctively, are obtained as follows.

€1 0 0
< &(7) >=[ 0 ¢ O } (2.3)
0 0 €12

€11 _
0 €22 €23 | = €m (2.4)
0

€11 = €1, €32 =€, COS° Y + €1 sin’ Y
€23 = €33 = (€1, — €1) cos Ysiny (2.5)
o2 2
€33 =€ 8iN" P 4+ €),c08° Y
Similarly, the permittivity fluctuation tensors can be written as

- c1f(7) 0 0
(ll(‘r") = 0 e14(7) 0 (2.6)
0
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crigplr) 0 0
Gylr) = 0 Canp(F)  caag(r) (2.7)
0 Gaaf(F)  aaplr)
where
cnff) =i canplF) =y cos® Yp+ g sin® P
Caaf(F) = aag(F) = (C1ap — Cip) cos g sin iy, (2.8)

(33!(7) = (5 Sill2‘l/’f + (125 cos? 1/),.'

The layer of random medium has boundaries at : =0 and = = —d . The upper region
is free space and isotropic with permittivity ¢, and the lower region is homogencous and
isotropic with permittivity ¢, . All three regions are assumed to have the same permeability
i®.

The total electric field in region 0 which is the.sum of incident and scattered fields

~ satisfies the following homogeneous vector wave equation

V X V X Fy(F) — k2 (7)) = 0, >0 (2.9)
where &2 = w?ue,. The electric field in region 1 satisfies
VXVXE(F)~wut (7) - E\(F) =0, -d<z<0 (2.10)
ie. _
VXV XE () - wiifim - E(F)=Q(F)-Bi(r), -d<z<0 (2.11)

where Q(F) = w?u? () is treated as an effective source distribution.
We can express the formal solutions of (2.9) and (2.11) for the electric fields in both
regions in terms of dyadic Green's functions.

Eolr) = T (7) + /v &7 Toul7, 71) - Q(r1) - Bulm) (2.12)
E\(7F) = E(IO)(F) +/; 7 O (7 71) - QF) - B () (2.13)

where the integrations extend over region 1 occupied by the random medium.

The superscript zero in Ey(7) and %\"(7) refers to the unperturbed solutions in the
absence of the random fluctuation part. We will use the parenthesized superscripts (1),
(2), (3), etc. to denote higher-order terms. The dyadic Green's functions, f’ou(?,r’.) and

z-;l 1 (?y 7y ) ’ Satley

K_\. l V X V X -(?i(“(?,-fl) - wzploﬁm(?',?,) = 0, P-4 Z 0 (Q.l'l)
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VXU XGulbr)=wiim Culen)=to(r-#), —-d<:<0 (2.15)

with the appropriate boundary conditions at : =0 and = = —d and radiation conditions
al == xoo for the clectric fields. Here the first and second subscripts refer o the regions
of the field and source points, respectively.

We can obtain the solutions to (2.12) and (2.13) by iteration. Repeating the substitution
of (2.13) into (2.12) we find the solution for the total electric field in region 0. in the form
of the infinite Neumann series (2],

Ey(F) = 7;‘0 ( ) + Z I (n) (2.16)
n=1
where
B = [ n Toutr, - B B (217)
E(()?)(F) — /‘; (l r|d For [(=(”(',:’?|) . -(—j(FI)] . [ﬁ:”(fl ' ?2) . 75(1:2)] . 7’,—‘(‘0)(?2) (2.]8)

[(,u(r,._l,r,.) O r..)] Ll (r,,) (2.19)

E(#) is the first-order scattered field and the rest is the higher-order scattered fields.
Physically, %.(7) accounts for the single scattering, EP(7) accounts for the double
scattering, and so on. [f the scattering is weak, we would expect that the serics in (2.16)
will converge rapidly. Then the first term in the infinite scries expansion will provide a
good approximation to the scattered field.

Eo7) = EQ(F) + Eo(F) = EO(F) + B3 (). (2.20)

Now we impose the so-called first-order Born approximation by replacing E,(7;) in
(212) by E,), as shown in (2.20). In order to find the quantity of physical interest
we form the absolute square of Zo(7) and take its ensemble average. Then the mean
intensity of the electric fild in region 0 will become

I~ -‘(0) - Al 1 -
< [Bo7)? >= [EX )+ < B (7)) > (2:21)
0,y 5+(1),y= () (1) _ . = _
where we used Re < By (7)-Ey '(7)” >= Relly (7): < Ty '(F)” >=0 because < Q) >=

0 . Therefore, the first-order scattered intensity in region 0 is given by
— (1 . ;
<Y >~ <m0 >= [ [ aram,

<[ﬁ°'(?’?‘) -Q(r)- E(10)(71)] ~ [?fm('f, Fa) - Q(r2) - I,‘IO)(f._,)]‘> (222

-----------------
---------------
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L Expressing the dyvadic Green's function, the fluctuation tensor, and the unperturbed clectric
L: y ficld in terms of components in Cartesian coordinates, the scattered ficld intensity becomes
L]

<

<

)
7"_‘;(?”3 >= Z /‘/‘; d”'r.d”'i'-;[("u(i'f‘)I’;k(?')] (., .,-‘)

tg.kl,m=1 o

(Gl Po ) Em (P2 Q4 F1)Q m (F2))
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3. Dyadic Green's Function and Unpertyrbed Electric Field

In order 10 proceed with the calculation of the scattered intensity, we first have to find
the dyadic Green's function (DGF) for a two-layered anisotropic (tilted-uniaxial) medium,
Goi(7.#) . with the observation point in region 0 and the source point in region 1. We
tuke the resultant expression for the DGF. G o(7, 7). with the observation point in region
1 und the source point in region 0, which are derived in Ref. [25] and apply the following
symmetrical property of DGF (26

= =T
(;Ul(F,fl) = ("IU(F”F) |)

where the superscript 7 denotes the transpose of the matrix or dyadic. Exchangin e
arguments, # and # , in (31b) of Ref. [25] and taking its transpose, we obtain iy, -~
as follows.

= _ i e i k.F) ~f10 —;‘F"-F’
(101(‘ ,7’) = 8?//;90 dkzdkyar “ {h-o(koz)["‘oun(klz)e !

+ Boprd(=k3,)e T+ Acmi(ki8)e™ T + Bopi(kid)e™ ™"

(3.2)
+ i.’«(I‘ot)["‘oV‘.’(k‘l,z)C-JT.?' + ”oV( - k'l’,)e—‘z?'?l + Aev é(ki',‘)e—‘;: u
+ Bari(kit)e==+ |}
- where |
holkos) = E X ko (3.3a)
P
. L ,
Do(koz) = Ic_h"(k") X ko (3.36)
o
X E;
o(k},;) = ——— 3.3¢
( 1 ) ’21 X k[l ( )
X RS
o(—kl) = 50— (3.3d)
! 12" x ®¢
. o(kS%) X ki
é(k5) = —(_IF)—I (3.3¢)
2edy _ O(k{3) X
C(kl‘: = ( lIElul' fe (3.3!)
al e
aAfleu & X k '
o(ksy) = ———- (3.39)

al
>
~

X ky}

----------------

............................
.......




......
..........................................................

R
& ’
e .
. o(ked) = (3.3h
(( 1 ) |~[ X Rel )
ko =k, + ko2 (3.3¢)
By =Fk, + k2,3 (3.3/)
Ry =k, — k3,2 (3.3k)
Ey =k, + kits (3.31)
Re =k, + k%42 (3.3mn)
Elu = ?lm . E: (3.3!1)
Riu = Cim " K} (3.30)
ky = kel + kyj (3.3p)
P = gsiny + tcosy (3.39)
s kiz =\ k3 — k3, 1=10,2 (3.37)
& k2, = (/K — k2 (3.33)
o kSY €3 1 L211/2 o
.'_:_-:. [ k:d ] = - -—3-k:y + _[kf(lz‘33 - (1(33ki - (1(13.'.':] / (33‘)
“.;l'. 1z €33 €33
PR ' ko= wyig,  i=0,1,2 . (3.3u)
Ca¥ o,
N ko = \[k% + k32 (3.3v)
N
':.f:;? We notice that &(+k2,) is a unit vector in the dircction of an clectric field for an ordinary
»e . .
e wave and é&(kt*) or &kd) is one for an extraordinary wave (upward or downward
3 propagating). The coefficients for the upward or downward propagating waves, A's and
5 B’s are expressed in terms of the half-space reflection and transmission coefficients as
S follows.
::::r:,:-‘ Aot = AHolkz = —kz, ky — "kv) - (3.4a)
Bog = BH,(k, — —k,, ky - —ky) (3.46)
::::::::' Aeg = =A Hc(kz — —k,, ky hnd "ky) (3-‘10)
VARAS
g
-"{j::' Berp = —DBirelks = ~kzy  ky — —ky) (3.1d)
o7 1
':._ Aoy = =Ayolks = —kzy  ky = —k,) (3.1¢)
e
;.:5' Boy = =Dy lky = —kzy  ky — —ky) (3.11)
f:;::
L
|




Aey = "‘Ve(l"x - —kz, ky - —ky)
HcV = ”Ve(kz hnd —kz, k.y g —ky)

and
A,g,(k.,,lcy) = .\’g,,lq + Xgela

."p,(k-z, ky) = .\“301\/’2 + .\’pel\/h
”g.,(/\‘,, /Cy) = ._\’5,([401 + A’-_)(‘.,) + .\’g,(l;-_v().1 + A”|(,‘.7)

where
=1 or V,

y=o0 O e
and

1 = See
D

IJ] =

SOG
My =

Soo = 0000 + 0clleo
Soe = 0of%5e + 0. Ree
Seo = €,Roo + €clleo
See = €olloe + €ellee
D = (1 — S,0)(1 = See) = SoeSeo

, . . ed .
0, e |- e:kf,de“exk?.d e-—tk,:dRm“etk:,d
— . - e P e
o, € exk‘;.dnlzoeesk:':d e""l-“Rlzue"‘l-‘

9d -2 kox 2 2ped
Xoe = e Thur 4 Ta) By Lok or = Kek) cond

+ ky (k2KT: - k3 koakis) sin v}
Ui 2ko,

Xge = "7)_‘ kp

ka(k2 + kosk$,)sin v

_ g_d‘lkok.,,k'fk, kos — kf‘i

Xvo sin ¢

D, ko kos + K%,

(3.1¢)

(3.1h)

(3.5a)
(3.50)

(3.5¢)

(3.8a).
(3.6b)
(3.8¢)

(3.6d)

(3.6¢)

(3.6/)

(3.89)
(3.8h)

(3.64)

(3.65)

(3.7a)

(3.75)

(3.7¢)
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::.:; Y . .y -
::'_::-;t Ny, = l/—)‘_i ':I.A—‘f(ko,k;'; cos it + kyko kT, sin '/’) (3.7d)
b e Rp
5 0, = 94 Pre ki, = Ko (3.8a)
.:{::: 0o — flu I)c k‘l,z + koz
AN
AN Ug 1 . cah) i (3.86)
SRy = — — 2k k9 (kS, — koz)(ky siny — k,yp cos '/’)M" §
.\._f.‘.l Roe = Ju I)e'MIL!z(/\ 12 Nky s
t i 08 1) si 3.8¢
B8 Reo = B 3K = KRR, = Koullly sin 6+ g con ) sin ¥ (3.8¢)
-'\J:f ® e
:::s:' . R.. = _y_d i‘_. (3.3(‘)
a0 “ =T D
e « De
RN
o Gu Ge kS, — kaa (3.9a)
\ Ri200 = —'TW
A ga Ve k3 + kas
AR o ‘
I Rizee = 8 L2kek (koe = KE,)(by s + s cos)sin (198
«_:"\" 9d ['e
L) . : e ".. . : .9
s Ruseo = 22 LR (KTE = K9)(AL, = bae)(by in 6 = oy cos o) sin (3.9¢)
", - l—’d l'e
\.r' N
3N, =, He (3.9d)
-:.-.' R12ee = —"'F—
‘\d’\' Ua' e
N ) 1/2 .
4 ’ g4 = {k% + (ky cosy + £}, sin ¥)*} (3.10a)
% ° g 1/2 3.106
::-,-': Ju = {ki + (ky cos ¥ — k{, sin ¢)2} (3.105)
AD 1/2
N
o Us= { e AR w*uel)[ki + kg + kig = wlula + n.)]} (3.10¢)
s €1 — €12 e
- ,, U, = { T (K2 + kR 4 ke — wPpeg)[k2 + K2+ KT — Wil + flz)]} (3.10d)
AL €1 — €13
X . ed (1.2 °
-\.-"‘{{ D, = cos® d’k;‘:(k%koz - k2k53) + sin® Y{k}(kor — k53)(K3 ‘*'edko:':u) . (3.10¢)
P + ksk:z(k:l! - ki)} + COS‘lﬂSin‘l,bkv(k?‘ + ko«l)(kgz - klz)(kp + klkal)
o 2 . _ red\(2 _ o
'::\\e: E, = cos? ¢kg(ki'koz - kgkf':) + sin® zb{k?(ku kiz)(kz e:‘u":u) . (3.101)
ool — k3RS, (kD — k2)} + cos ¥ sin gk, (K, — kox)(k1. + E1Z)(K; — Kork?,)
}\:" . 2 eu\(1.2 [
<, I, = cos? "/’ki(kfku - k3 el:) +sin? ¢v{k'{(k" - klz)("z.'tku 21:) , (3.109)
9 . .0 __ l.eu 8
\ + k: ‘l’,(k'f - k;)} + cos 1 sin Yky(k], + kos)(k] g 1z (Lp + kogk{,)
"'.':I" 9 9 . 21 eu 2 .. L0
-:‘.:' F, = cos? r,/)kg(k'l'kg, + kjk?:) +sin? U’{kl(,".lz + k§2)(kz + k?:olz) , (3_10h)
::':: + K2kS (KT — k3)} — cos ¢ sin ¢k (kY + kaa)(kT, + KT5)(k + KT h2a)
..’:'.", . o o e 2 [
G. = cos® pk2(k¥kas + k3k52) + sin® o {ki(k2s + KT2)(K2 - k'lznlz)k . (3.104)
" . .0 o euy( 1.2 p L ]
:_c: - kik‘{,(k'f—k§)}+coswsm thky(koe = kT ) (kT — KT3)(k; = kaak?,)
)
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5 He = cos® ok2(kika, + k3K5E) + sin® o {kF (kay + kSN2 + kuskd,) (5.105)
(] + kRS (KT = k3)} = cos ysinpky (K7, + ko )(KS, + KSDKD + K7, kas) i
v,
"-.“’- . . . = . ) . .
oo Under the far-field approximation, the integral for Gy, (7, ) in (3.2) is evaluated with the
S mcthod of steepest descent #7281 as r — oo . The results are
AL
Coi(F, 7 P -
_‘::: (7, 7)) = ppe gk, 2") (3.11a)
-
S where
o ik, ) = i,,,(k,.)[,a,”a( 2. e RN B o(—kS, etk T
|}
3% AT+ he(hid)e |
0 (3.110)
.- + :,-,(k,,,)[.»a,,v ok, e 0T 1 1,y o(=ke ek
+ Ay d(k(V)e™ 57 4 n,ve(k;i)e-""?'i"]
“~
%_fl? and all the coeflicients and the vectors are defined in (3.3)-(3.10) with
.
oy .
et ke = k,sin 0, cos ¢, (3.120)
A
o . .
.r_: ky = kysin 0,sin ¢, (3.128)
.".::'_3 and (0,,¢,) are the observation angles in the scattered dircction.
2 Given the wave incident form region 0 with TE-or TM polarization and the amplitude
e Eo: . the unperturbed electric ficlds in region 1, E'”(#) . are obtained in a similar manner
:;;;f as Gyo(r,7) was.
404
b -
EOTE = Eo.-{,a,,..-a(-k;,,.)e-'*u-u Brwd(k] )¢t in"
) (3.13a)
7 # Ak + Bl e n?
N '
RN
: 0) o\ TM o ° —ik7 .2 ~01.0 ikl » !
' E\'(7) = Loy Avad{—kiy)e™" " 1"+ By o 0(k] 5 )e™
: » (3.13b)
o + Availkil)e i + nvc.f(k:‘i‘)c"“--'}e"""’
Yo where
:.":b: ‘ﬂq] = 4"Bv(kg = ktgp ky = kv|) (3.[‘16)
:: Boy = Bay(kz = kg, ky = k) (3.14b)
e
Q:’.:
:.;-.
':'.'l
%
a2 |
Y A A A T S AR
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i g=1 or V

1(' : ) Ty=o0 OF ¢ ‘:

- \n !
AY

2N B = kuik + kyid (3.15a)
u.'l.\' pi = Al yil Sl
AN ——

.\‘ . .0 — 2 2 . r
r\_h.: lzs — kl - kP\ (l;-ll,b)

eu

- ; (33 Lo 2 2 11/2 :
e { k:ﬁ' } = ——kyi £ — (k{12033 — yak?, - kg / (3.15¢)
A 121 €33 €33

-.\‘.\

5

--~’-*  — Y .2 ‘ r
< koo = \[ k3, + K, (3.15d)

‘et kzi = k, sin Og; cos ¢g, (3.15¢)

LA
-

kyi = k, sin Ogq sin ¢o; (3.15)

P
h e

gttt

(3 "‘
‘ff‘

and (0y;, ¢q,) are the observation angles in the incident direction.
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4. Correlation Function of Permittivity Fluctuation

The permittivity fluctuation tensor Q(F) = w®pué, A7) of the random medium is assumed
to be not only uniaxial but also tilted by some angle «; as was discussed in Scction 2.
The fluctuation tensors Q, () and Q7). before and after tilting, respectively, are given
by

it 0 0
QF)= 0 Q) o (4.10)
0 0 Q)
Qn(7) 0 0
Q) = 0 Qa2(7)  Qual(7) (1.1b) '
0 Qu2(7)  Qual7) .
where ]
Qi1 =Q, Q29 = Qcos? dp + Q. sin® Yy :_'4
Q2 = Quz = (@5 — @) cos Py sin g (1.2)

Qua = Qsin® ¥y + Q, cos? Yy
following the equations (2.6)-(2.8).

In order to calculate the scattered intensity in (2.23) we have to determine the
correlation function < Q,«(7\)Qi(72) > . Because the random medium is assumed to be
statistically homogeneous, the correlation function depends only upon the separation of
two spatial points 7, and 7%,

< Qjk(T1)Qim(F2) >= Cjkim(T1 — 72) | (4.3)
Next we express Cjum(f1 —72) in terms of its own Fourier transform
Cjkl'm(rl - 72) —_ kllfl /dsa(bjklm(ﬂ)e—‘g‘(ill -F3) (4.4)

where k| = Re(k) and &,...(B) is the power spectral density of the correlation function.
We define three correlation functions and their spectral densities :

< Q(F)Q°(F2) >= Ci(F1 = 72) = kY /433 b (B) e~ B-(71~72) (4.5a)
< Q.(F)Qi(r2) >= Ca(ry — 72) = &} /d"ﬁ Dy (B) e~ P71 —72) (1.56)
< Q(F)QF2) >= Cy(Fy —72) = k! /dsﬁ By(D) e~ 1B (F1=72) (4.5¢)

where C\(r,-7;) and Cy(r, -7,) arc the autocorrelation functions of the random physical
quantics Q(7) and Q.(7), respectively, and Cy(7, - 72) is the crosscorrelation function of

. .
------------
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oy ‘-:.
:;‘f the above two random guanties at two diffierent spatial points.  Cylry = r2) s, in general,
1 ¥ independent of ¢y(ry = ry) and Cao(Fy = 72), but given some information about the shape
-._~ of fluctuation it will depend on ¢y and .. We will specify ¢ in terms of ¢, and ¢ s
E:f.j comparing with the result of the cllipsoidal discrete scatterer model in Section 6. Now we ‘
o can express afl spectral densities ®jxm(i3) in (4.4) in terms of ®,(;3), ®.(3), and ®4(F)
3 defined in (4.5) using (4.2).
d P = ®
_\::: By = Doy = B cos’ Py + by sin® Yy
‘::; ) Brigz = Bygq = by sin® gy + by cos® gy
o bygas = b, cos’ Yy + Do sin” wy + 2y cos® Vs sin® Yy
\ Byygs = Gygan = (D) + dy)sin® ¥y cos® Yy + b (sin vy + cos' ¥y)
-:-__f Bgy3z = O, sin’ Yi+ o cos? Yy + 20y cos® Py sin® Yy
oS (1.6)
’ Prizs = Prge = Pagny = Pagny = (b3 — ) sin Ys cos Yy

basay = Buagy = Pyyoe = Panae
_\ = [(by — dy)cos? ¢y + (Py — by)sin® y;]sin g cosyy
::-\.;j 3323 = Py332 = Payaz = Paaas
_::. = [(dg — ®y)sin® 9y + (b = by) cos® Py sin vy cos vy
oy ®o3o3 = Buzyy = Pygeg = Puza = (&) + P2 — 203)sin’ ¥y cos? Yy
.__.,, We characterize the correlation function by considering two quantities, variance and
W correlation length. Let's consider the correlation function of the fluctuation which is
Y Gaussian in lateral direction and exponential in vertical direction.
E .
' ' Ci(Fy = 72) = 61k} exp [—M] exp [—u] (4.7)
" 2 I
::" Ca(Fy — 72) = b2k’ exp [—Mz,—?] exp [—E—'—-ﬁl] (4.8)
e H s
N where 6, and 6, are the normalized variances of the lateral and vertical components of
- the permittivity fluctuation tensor, respectively, and ¢, and -, are the correlation lengths
-f::'j' in lateral and vertical dircctions, respectively.
?ij Here we took the same correlation lengths for two different correlation functions in
" (4.7) and (4.8). [t is physically reasonable to assume the correlation lengths to be the same
C no matter what the physical quantity is. In other words, the corrclation length depends
259 only on the randomness of the medium and it does not depend on the physical quantity
s*: (@ and ¢, ). But it may differ from dircction to direction so that we have two correlation
o lengths in two different directions, lateral and vertical.
Cls On the other hand, the variance which is the strength of fluctuation can depend on
o the physical quantity. 6, # 6, describes the anisotropy of the permittivity fuctuation of
":f the random medium in our model and leads to the first order depolarized backscattering.
=
EX
-




5. Backscattering Coceflicients

Substituting the resultant expressions for the unperturbed clectric field £4'(r) in
(3.13). the far-field approximated dyadic Green's function Go(7.7) in (3.11), and the
correlation function defined by (4.3). into (2.23), we obtain |

2 T T - o E T -
< IF(’)(F)lg >~ ‘(,ll //{l [’ll .’ '—1('¢‘,—km)'9| cl(kn-kr»-)'P‘J

(I1rr

// d“ d"’ g"] ""l)l’ ( P"“‘l).lzl(E <2 )I (Ipn-")( Jklm(rl F‘.:)
l)k__l

(5.1)
where
—?(‘m(ﬁ) = [’;‘(),‘(;"E"‘.ﬁ‘ F(Ep.,::z), =12 (5.2a)
Fe(F sy 1) = 2k - Flk,, 1), k=1,2,3 (5.26)
Cg(Fp ) =k Gk )£, 45 =123  (5.2¢)
=5 iy =] I3=1%. (5.2d)
Making use of (4.4),
770 (=) |2 “‘0-|2k1 373 2 koo—ko—=B VB g=i(koi—Kk,=B | )5,
< By >= ()2 dﬁ d%5,d%p, &' e N
(5.3)
Z// dzydzg gl](zl)l'k( )g|l(“2)r (ag) ‘b,klm([j)e —iBa(z1~21)
c)b
where 5| = 8.z + 4, and &,kim(B) i given by (4.6). After the 5, -integration,
< IEJ(F)’Q IIJOII kll /dzp / dzﬂ (2”)26( -k _E )e—i(i»—zp-ﬁ_L)-ﬁ?
0 (l1rr)2 2 41 P PL
Z/ dﬁ:// d‘ldz’lglj( I)Fk("l)gu("?)r (ZJ)‘kalm(ﬂ_L)ﬂx)e—‘ﬂ'(.l—")
| ) k
(5.4)

The dela function enables the B -integration to be performed and then the 7, -
integration will give the illuminated area A

2 L4
< 3t >= AP /_ w0, [ [ anutss gtttz

(b)klm(}j_L = kp,- - kpo ,} )e"‘B (21 —23)

(5.5)

.n‘i‘%ﬂriﬁ';‘,-f.‘x‘l\'ﬁ\‘i\ﬂ':\i\'\:\‘i{\'-}T&‘d‘-}\:\&
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For the case of backscattered direction where %, = —k,, and ki, = k,, . we will
have to evaluate the integral of the following form,
o 0 0
. *a .t — -
I::/ ‘“’2/ (l':l/ (l:2(7‘(k,lx-+k“|;.':'(-"(kln "klg.)z-'(b("i- = :"k'pl' /’z)(,"“;:(‘I -z;) (5-“)
-0 -d —-d
oo —id(kY vk SB[ — rdlk k= 8,)
I -— M Ve (¥ X} I ¢ LF 13 Las
=/ d!’:“’(ﬁ’.’)[ (, P I = = ] (5.7)
—oo (kg + k1o = B2k 30 + k5, — B4)
where i
ou | k2 = kY,
{P. f]}_ od | ki = —k3,,
3, t cu , k,,,‘ = IC?:‘
ed k2 = k%9,

The g, -integration will be performed term by term using the contour integration of the
residue calculus and we pick up the dominant pole-contributions under some reasonable
approximations. The value of integration is significant only when p=3s,¢g=1t or p=
t,q = s and the result is the following.

c'.'(k"’ +&""9 ya

| =~ { (8, = k¥, + klfﬂ)w forp=s,q=torp=tqg=1s (58)
2nd(3, = 0)d, only for k., = —k{,, (5.9

where s denotes the real part and » denotes the imaginary part of that quantity.

Now given the spectral density of the correlation function, we can determine the first
order scattered intensity by a two-layered anisotropic random medium.

The assumptions we made in evaluating the above integrals are given below,

(M)
kie € Koy Kla € Ky (5.10a)
(The medium is slightly lossy.)
(i)
d> I, (5.100)

(The random medium layer of interest contains many scattering inhomogeneities along the
vertical direction.)

(i)

kY d > 1,

ke d > L (5.10c)
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(The scattering layer contains many wavelengths.)

All the above assumptions are reasonable in the microwave remote sensing of the carth
terrain.  For example, in the case of sea ice, a typical corrclation length is on the order
of millimeters while typical layer thickness is on the order of meters B0, Moreover, we
assumed that () vanishes everywhere on the hemi-circle at infinity. This assumption
of course is not satisfied by all corrclation functions. However, it docs include many
physically interesting correlation functions.

In addition, because of the tilted uniaxial fluctuation, we need to have the coordinate
transformations in order to get correct expressions for ¢(j3) which we use in (5.3) — (5.9).
Since the fluctuation is uniaxial in z'y’2’ —-coordinate as shown in Fig. 2. the correlation

_function (7, —7.) is expressed as

CR) =k /(13H<i’(a) exp [—iﬁ . E’] (5.11)
where

R=F-fy=ic+ijy+32 (5.12a)

a = Za; + jay + za, (5.120)

For example, the correlation function which is Gaussian laterally and exponential vertically

) 7)’ 2 Z’
C(R) = 6k exp |- L exp [— i ] (5.13)
has the Fourier transform
. 51,13 af +af
(b(a) = m exp ——T—- p (514)

We like to transform C(R) and &(a) into the form in zyz —coordinate, C(®) and &(3),

~ so that we can substitute them in (5.3)-(5.5).

c(R)=CR) = k' /d3/_1 ®(B) exp [—iB - B] (5.15)

where
7?=?1—T2=‘=..;Ez+f/y+éz (5.16(1)
B =20 + By + 20, (5.168)

------------------------------------------------------- T R N e )




Using the coordinate translormations [Fig. 2],

F4 i4
Yy = ycos ¢ — zsiny (5.17)

! . .
I = ysing + zcosy

we obtain the following relations between @ and 3 :

a; = f;
ay = f, cosyp = 3y sin {5.18)
ay = dysiny + Bzcos9
B = a,
By, = aycosy + azsiny (5.19)
B: = —aysin® + azcos
Then
degdagda, = d/i,.l(a”'a')dﬁydﬂ, (5.20)
ﬁy’ ;}z
where s s
J(ay,az)= 35, B | =
By Bz %—3—: a°,
Using (5.17)-(5.20). from (5.11) and (5.15) we obtain
O(F) = ‘i>(a, = fz, ay = Pycosp — fysin, ay = Bysiny + B cos P) (5.21)
For the correlation function given by (5.13), we have
o(F) = 61,1% cxp [—%ﬂilﬁ] oxp [—%(ﬂy cos P — B, sin 1[1)2!:‘;] . (5.22)

An2{l + (By sin ¥ + 0, cos ¢)212]

Making use of (5.8) and (5.9) for evaluation of the integral in (5.5) and letting 8, = 0o,
and ¢, = +¢9; Where 0, and ¢, are the observation angles in the scattered direction,
we obtain the backscattering coefficients which is defined by Peake B! as

arr? < [Ey(F)? >a

i L2 ., Ba=Horv (5.23)
Za AlEq[§

where |Fo,|3 is the incident electric ficld intensity with polarization 8, < [Ey(F)® >a
is the mean scattered ficld intensity with polarization «, and 3 and « can be either
horizontal (TE) or vertical (TM) polarization. The final results are the following.

11
Ofa = 27"2"114 Z .I,‘(A’s, [}‘8, kl,‘".‘{, d, R's) (5.24)

=1




=
’I' = !Aaot "‘Boll.' ——]—kjh'——_ I{A(—kllozﬂ —k’lozﬂ -2 .llozt) ('r":"su)
"1z
Jo = |Aao Bgoi + Baoi Agoi|“d Ra(kC,,, =K%, 0) (5.250)
:E::: = ot o
:’-: Jy = l“aﬂ “3.,"' —:4—k”—°— II’A(/C&” klau, 2/6/";‘) (5.25(.‘)
.'.:.r 12t
" ) gl = C—z(kzl:"—k,";:‘)d ! d ] led
,;\-. J1 = |AaesApes + AaeiAgoi|® TR Re(=kC,, ke, =k, + kK5 (5.25d)
by AWMz T M
JE:': ‘ g | = eTHEIEL kN o 1 to reu
:. Js = {AaoiBgei + Bacidgoil” a(k7e — Fiew) Rp(=kC,, kY%, =k 0 + k) (5.25¢)
“\Ma F
‘\- g1 = 2RTT A+ 4 red
::-.' Jo = |Ba°i’1ﬁet + Aaa Bﬁoil "(k"o + k//ed) RB(k’iozn'r kllcn'r klloz: + klen‘ (5-25.{)
o TRz T Ky .
::'.. 2 |- eQ(k','f'+I:’,’::‘)d ‘0 reu Llo leu r o
o Jr = |Baoi Baes + Baes ool e Ra(k',, ket ko, + ke (5.25¢)
~ 21 2
: :3' | — etkisdd
) Jy = |Ages Apes|® el Re(ked, kied, 2k'ed) (5.25h)
:;:: 1zs
~+ 2 1- cg(k"I::‘+k'l'::)d ted jreu pled leu ac.s
4 JB = |Aa¢i Bﬁei + Ba:il‘ﬂzi‘ Rc(klﬂ-, k“‘-, klzi + lzi) (5.&51)
W =2(kYsd + K1)
[ -~ zn n
}\- ey
) N . 21-64 v d leu plew ypleu [ .
’:C: J10 = |Baei Bgeil* —— e lolkiz, ks, 2k (5.255)
. - lzs
Jit = A 2Re(Ayes Broi B, i Aproi)d Ry (5.25k) |
-(‘ I
-y 1
. — g ) ) 2 @,
"J-" RA(X,Y,B:) = (X)) {CTiaP1111(B:) + 2C114C224P122(B:) + C4 P2222(B5)
™~ +2C114C334%1133(B:) + 2C 24C334P2233(B:) + C33.4P3333(Bs) (5.26a)
bl + 2C114C234P1123(8:) + 2C224C23.4 P2223(Bs)

+ 2¢334C234P2333(8:) + C25 4 P2323(84)}

ot
2

~

) Re(X,Y,8,) = {C}a®1111(Bs) +2C118C228P1122(Bs) + CloP2222(84)

‘,‘ X . +2C118C338P1133(8:) + 2C225C338Pa233(8:) + C335P3333(0s) (5.266)
o +2C118Ca38%1123(8;) + 2Ca28Ca35Pa223(0s)
O +2C338C238P2333(B:) + ChypP2a21(8:)}

i:v: Re(X,Y,B:) ={Chic®iin(Bs) +2C11cCrc®riza(i:) + Cacbaaan(fs)

‘-;'_: +2C110Caac®1133(B:) + 2Ca20Cazc Pazas(B:) + ClycPaasa(Ba) (5.26¢)
O + 2C11cCrac®riaa(3s) + 2CacCascPaoas(3s)

o~ + 2C130CuacPasas(Ba) + ClacPusaa(Ba)}
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o

.'..' l ) ' 9o

Ity = (k2 k)2 {=(keky k%) (01111 (0) 4+ Duvan(0) = 20y 102(0)] + (krk, )" Puyas(0)}
(- o
S5 g(X) = {kE, + (kya cos g = X sin ¢)*}1/2
N ‘o . . , L 02
ST lf(.\')={( - (k;‘»+.\"—wzlul)[k;,-+.\"'—wz/z((l +(l,)]}
P~ [ ¥

CLalX,Y) = (kys cos % — X siny)(kys cos g — ¥ sin )

::;i: (“22A = ki' (3032 w

<N
L :'."." (7;;3‘4 = ki,‘ Sill2 )
\

s . Caza = —2k3, sin 9 cos ¢

-\.‘.

e _

e Crup(X,¥) = kaalky cosw = X sin é){kya sin o0 + ¥ cos )

~.":.' 9
Lo Caap(X,Y) = —kz, cos tky;(kyisin ¢ + Y cosv) = ki sin y)

::t': C338(X,Y) = kz sin [Y (ky, siny + ¥ cos¢) — k7 cos v

\‘:* Py 9 . o 9

'\‘E-:\ Co3p(X,Y) = kzi[ky;sin p — Y2 cos® y + k¥ cos 2v)

“ ‘.‘-.
‘ CiclX,Y) = k¥ (kyisin ¥ + X cos¥)(ky, sin ¥ + Y cosy)

N

-_; Ca2c(X,Y) = [kyi(kyi sin ¢ + X cosyp) — kI sin ¥][kyy(ky. sin ¢ + Y cos ¢) — &7 sin v]
2]

:‘:.:-:.: Cazc(X,Y) = [X(kyisiny + X cosp) — k3 cos 4][Y (kys sin v + Y cos ¢) — k7 cos v]
o) 'q-' i .

; Casc(X,Y) = [kyi(ky;sin + X cos¢) — ki sin y][Y (ky, sin ¥ + Y cos w) — k3 cos v
B + [X (kyssiny + X cos ) — k? cos ¥][ky(kys sinw + Y cosw) — k3 sin ]
P
E:::‘, ¢]’klm(ﬁl) = (bjklm(E_L = QFpu ﬂl)

D
S Ao { 1, only for ope = oy Or oy ywhen v =0, ¢, = ¢y,

e 9, otherwise
AN

LS 4'.- o
O T
W

.
.
»
3
o
L) by

2

0
2
I"
o
g.-..-‘b a e

-';S‘_' % ...'

*y '-"."-’%I'

»
()

?I;I
[NV IR 3 8

225

A

20

(5.264)
(5.27a)
(5.27b)
(5.28a)
(5.28b)
(5.28¢)
(5.28d)
(5.29a)
(5.296)
(5.29¢)
(5.29d)
{5.30a)
(5.300)

{5.30¢)

(5.30d)




6. Discussion and Application of the Results

We have obtained the backscattering coclficients for a two-layer anisotropic random
medium in (5.24)-(5.32). In the limiting case when both mean and Ructuation are isotropic,
Le. when «, =, Gap =y, and ¢ =y = 0, the recults reduce to

m .Y | 1 | - C'_dk"'"d ”
Oy = W'k,l" o YW) 1+ |R|2,l4(1‘_4k'"d ‘b(ll)
D 2k (6.1a)
+ sd|1e,2,~[“e"'*'l'n%ﬁ"”}
sl Yor|* k8 [1—ctiud " 2, g2
oyy = n2ki| -2 2 : - [+ [Syge e *ind k2 + k2 sin® 05 @)
Fai | |kl 2k 4 (6.1b)
+ 8(_[[5'2‘[2(;‘4“'1'..4'](3%:‘ - k(2) sin"’ 0m’|2(b(12)}
ogy =oyg =10 (6.1¢)

These are exactly the same as the results obtained for the case of two-layer isotropic
random medium by Zuniga and Kong {6 . As an another limit we let v =0 for the case
of vertically uniaxial mean and tilted uniaxial fluctuation (y; # 0). The results check
with Lee's 32 ,

Comparing with the result of the active microwave remote sensing of two-layer
homogeneous medium containing ellipsoidal discrete scatterers 33 for the case of prolate
spheroid which seems to be similar to our anisotropic continuous random medium model,
our result with v = 0 has one-to-one correspondence with them term by term except the
one which comes from the coherent effect between oppositely scattered waves. From the
comparison of two results term by term, we get the constraint on the spectral density of
< Q(r1)Q.(2) > in (4.5¢):

®3(B) = &:1(B)2(B). (8.2)

Assuming that the three correlation functions in (4.5) have the same statistical behavior,
(6.2) leads to
83 = 6,6, (6.3)

Therefore. given that the shape of fluctuation is a spheroidal ellipsoid, the cross correlation
between @ and Q. will be determined by 2% = &;®, . We shall use this constraint in
assigning statistical parameters in order to get various responses of ¢ in the following.
We shall choose the correlation function to be exponential both laterally and vertically as

follows.
lzo =22 lyi=—ys| a1 = 2
l, [ ls

C‘|(F| - Fz) =4, /C’{'(.’Ip - (64(1)
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ley = 2ol lye — g2 12— = (6.16)

CaofFy = Fo) = 0k cap| - L, L l

The spectral densities are given as

0141 1
b(@) = 22 -

: 7 = 1,2 6.5
(L + aiB) 1 + o E)(1 + adly J (6.5)

These satisfy the assumptions made in the calculation of o .

Now we look at various cffects of anisotropy of random permittivity.  First we
see oyy = ayy Wwhich agrees with the Lorentz reciprocity theorem since the medium
is reciprocal and we consider the scattering in the backscattering direction.  The most
significant effect is that there is a depolarization in the first-order backscattering. As we
see in (6.1c), the first order single scattering with the isotropic random medium model
does not induce any depolarization effect in the backscattered direction. Even for the
casc of uniaxial mean and fluctuation with their optic axes in the = -direction, i.e., when
(1 % €1z (f # gy DU ¥ =y, = 0 (untilted), (5.24) again gives o4y = ovy = 0 with
some algebraic manipulations. This shows no depolarization. It is physically clear that
if the medium is vertically (untilted) uniaxial either in mean or in fluctuation the single
scattering in the backscattered direction does not change the polarization of the incident
wave. In other words, there is no coupling between two different linear polarizations.
However, if either the mean (background) or the fluctuation becomes tilted uniaxial, ie.,
% # 0 or ¥, 0, then it gives us nonzcro depolarization. We can consider three cases
which give the cross polarization effect in the first-order backscattering. ,

First, v #0 and v, = 0 where the background permittivity is "anisotropic™ (tilted
uniaxial) and the permittivity fluctuation is isotropic or untilted uniaxial. Then oxy =
ovy 5% 0. This is because the wave incident with either TE or TM polarization upon an
anisotropic background medium produces both the ordindary wave and the extraordinary
wave. This is the so-called double refraction.

Second, ¢; # 0 and v =0 where the fluctuation is anisotropic and the background
is isotropic or untilted uniaxial. In this case the wave with one polarization can produce
the other polarization, when it is scattered in an anisotropic fluctuation, even in the
backscattered direction.

Third, ¥ = ¢; 0. It is obvious that when both the background and the fluctuation
are anisotropic there would be a strong depolarization effect. It is physically more
reasonable to have y =y, than ¢ # y; .

It is also to be noted that even if one of three conditions is satisfied, when ¢g; = +90° ,
i.e., when the propagation vector and the optical axis of mean or fluctuation are in the same
planc (y= - plane), egyv = 0. This is because for this case the electric ficld is polairzed
either perpendicularlly (TE) or parallel (TM) with respect to the plane of incidence so




AR -~

."0

AT Y Y
LRSS ILPL LN

v

o

[ VRN

Y

R}

that the double refraction does not occur and the single scattering does not change the
polarization of the incident wave in the backscattered direction.

As an illustration of our theoretical results, the typical responses of a4, ovy  and
oy are shown as a function of frequency at 9y, = 30° [Fig. 3] and as a function of
incidence angle at f = 10 GHz [Fig. 4]. by choosing the appropriate parameters for
8, 62,1, and , which are reasonable numbers in the micowave remote sensing of the
earth terrain. We clearly see that we obtain a strong oy .

For the backscattering coefficient for the isotropic half-space random medium (4 — oo)
as a function of incidence anglc (0u:), ovv' is always greater than oy, because the
vertically polarized T™M waves are transmitted and backscattered more than horizontally
polarized TE waves. In contrast with the isotropic case, the anisotropic half-space random
medium gives us the possibility of having agm > ovy  as it will be shown in Figs. 5-10.

First, it is due to an anistropic fluctuation. In Fig. 5, when ¢, > 6., for large
incidence azimuthal angle ¢g, = 80° (near 90°), oyy is scen to be greater than oyy
especially for small incidence angles 6, . This is because the strength of fluctuation is
stronger in lateral directin (plane perpendicular to the optical axis) compared to that in
vertical direction (along the optic axis of fluctuation), in other words, the fluctuation is
more correlated in lateral direction. Near oq; = 90°, the polarizatin of TE wave will be
almost in lateral direction with respect to the optical axis of 0 . However, for small ¢q, .
it follows the common response, i.e., ovy is always greater than oy over all incidence
angles 0y; as shown in Fig. 4. '

In Fig. 6, when 6, < 6, for small ¢o; (near 0°), oy can be larger than oyy
at small incidence angles so that there is a cross-over between ogxy and oyy near
00: = 30° . The reason for this effect is similar as before. TE waves have more components
parallel to the optical axis near ¢o, = 0° than at other angles and the fluctuation is more
correlated in the direction of optic axis. In contrast, for large &y, ovy IS always larger
than oyxy for all 0y as shown in Fig. 7. We note that this kind of response can happen
when ¢, £ 0, i.e. for the tilted uniaxial {luctuation.

Second, this phenomena also arises due to an anisotropic background (v # 0, ¢; 7#
€1s) . For example, in Fig. 8, for large o, orn is greater than oyy over a wide range
of lower 0y, when ¢/, deviates largerly from ¢ . See the case of ¢ = 0.01, ¢/, = 0.1
compared to the case of ¢/ = 0.01, ¢/, = 0.02. This is because TM wave experiences
greater absorption than TE waves due to higher loss along the optic axis of the background
medium.

The possibility of oy > ovy can be also seen from the responses of o as a function
of incidence azimuthal angle ¢¢; at a fixed 0y, in Figs. 9-10. When 6, > o, [Fig. 9),
oun increascs and oyy decreases as ¢q, , SO that oyy > oyy at large ¢q, . When
6, < 8y [Fig. 10], oux > ovv at small ¢q . As a whole, the cross-polarization (agy) is
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very sensitive to - ¢q, . while the like-polarizations (o4, ovy) are not much affected by

[§ changing ¢y, .

.--;Z{ Given the incidence angles, 0y, and ¢g, . all o 's are affected greatly by changing
.;-:7: the tilted angle of optic axis as shown in Figs. 11-12. We obscrve a lot stronger cross-
NN polarization when ¢ # 0 [Fig. 11] compared to when 4 =0 [Fig. 12]. For some range

"~ of yayy isuslarge as oyy Or ovy . It could be even larger in some cases. From this
we observe that the anisotropy of background medium produces more cross-polarization

v .

:\ than the anisotropic fluctuation does.

\ As an application we try to explain the experimental data by matching our theoretical

T results with experimental data collected from the Arctic sea icc by Onstatt, Moore and

. Weceks (131,

-r‘ In Figs. 13-15, we have matched the backscattering data of the thick first-year (TFY)

-..;: sea ice as a function of an incidence angle at three different frequencies: f = 9 GHz

4 [Fig. 13}, r = 13 GHz [Fig. 14}, and s = 17 GHz [Fig. 15], simultaneously. The

\ letters /7, v, and ¢ represent experimental data for ogy, ovy and oyy , respectively,

-;3_:: and the continuous curves represent the theoretical results. In order to match these data ‘
': we assigned a set of parameters: [, = Ilmm, I, = 3mm, §; = 0.4, §; = 0.8 with ¢, = |
‘; 75°,% = ¢; = 25° . The ground truth for ¢, ¥ and y; is not known. As scen from

' ' the figures, the theoretical results fit with experimental data pretty well except at lower

Ay angles. Higher values for o of experimental data at lower incidence angles compared with

‘f the theoretical values are due to the rough surface effect of sea ice surface. Our theory

o only takes into account the volume scattering and the rough surface scattering effect is not

o included. Notice that we have chosen !, > {, and 6, > ¢ . Since the brine inclusions

‘ inside an ice crystal look like vertically clongated ellipsoids (9!, the vertical correlation

-.-* length should be greater than the lateral correlation length. The strength of fluctuation in

E'_: " vertical direction is stronger than that in lateral direction, because this quantity determines

o the magnitude of scattering due to the brine inclusions. We have chosen the different

‘| permittivities for sea ice (e, €;,) and sea water (cp) at different frequencies, following

jff:: Vant et al. ("9 The real part of &, is chosen to be isotropic while the imaginary part is

";Z;; chosen to be anisotropic, following Sackinger and Byrd's report (# ,

MR In Figs. 16-18, we have also matched the backscattering data of the multiyear (MY) |
a sca ice as a function of an incidence angle at three diffcrent frequencies; f = 9 GHz ] |
Y [Fig. 16], f = 13 GHz [Fig. 17], and s = 17 GHz [Fig. 18], simultaneously. Another

;EI;: set of parameters are assigned to match data: [, = 3mm, [, = tmm, &, = 0.1, §; = 0.3

with ¢o; = 75°, ¥ = ¢, = 35° . The multiyear ice has propertics diffcient from those of
the first-year icc in that it contains mainly air bubbles and it has much lower salinity (91,
Hence, 1, and (., do not differ much. The diclectric constant and the diclectric loss are
2 expected to be less than those of the thick first-year ice.
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i 7. Conclusions
.':\:'
_. " Introducing the dyadic Green's function formalism and applying the first order Born
:::'j- approixmation, we have solved the problem of clectromagnetic wave scattering by a two-
A layer anisotropic random medium for an application to microwave active remote sensing of
e carth terrain. With an advantage of wave approach, we obtained the analytic expressions
K . for backscattering coefficients which includes depolarization cffect.
R There was a significant result in that the anisotropy of mean permittivity or permittivity
AR . . . . .
s fluctuation of random medium can lead to nonzero depolarization in the backscattered
A \‘ - . . . . . . . .
s direction for the first order scattering, in contrast with the isotropic random medium which
\ does not have depolarization in the first order backscattering. Either the mean permittivity
;:-.;j or the permittivity fluctuation of the random medium has to be at least uniaxial and
.;:;_I; tilted with respect to vertical (=) direction in order to obtain the first order depolarized
- backscattering. The result also shows the possibility of gy > vy for an anisotropic
e random medium even in the case of half-space. This does not occur for an isotropic half-
;:_ ;_1' space random medium. As an application to remote sensing, we have matched theoretical
\j::::: results very well with experimental data collected from sea ice. |
T Since most of the experimental data for backscattering cocfficients contains only the
-2 incidence angle (0y;) response, but not the incidence azimuthal angle (¢4) response, it
' ) is difficult to take advantage of our anisotropic random medium model at this point. It
::'.-"f would be recommendcd that some cxperimental data for an azimuthal angle response be ‘
N collected in order to account for the efiect of anisotropy of random permittivity. %
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